The high mobility group (HMG) chromosomal proteins, which are common to all eukaryotes, bind DNA in a non-sequence-specific fashion to promote chromatin function and gene regulation. They interact directly with nucleosomes and are believed to be modulators of chromatin structure. They are also important in V(D)J recombination and in activating a number of regulators of gene expression, including p53, Hox transcription factors and steroid hormone receptors, by increasing their affinity for DNA. The X-ray crystal structure, at 2.2 Å resolution, of the HMG domain of the Drosophila melanogaster protein, HMG-D, bound to DNA provides the first detailed view of a chromosomal HMG domain interacting with linear DNA and reveals the molecular basis of non-sequence-specific DNA recognition. Ser10 forms water-mediated hydrogen bonds to DNA bases, and Val32 with Thr33 partially intercalates the DNA. These two 'sequence-neutral' mechanisms of DNA binding substitute for base-specific hydrogen bonds made by equivalent residues of the sequence-specific HMG domain protein, lymphoid enhancer factor-1. The use of multiple intercalations and water-mediated DNA contacts may prove to be generally important mechanisms by which chromosomal proteins bind to DNA in the minor groove.
Introduction
Chromatin is the template on which all DNA-dependent processes occur in eukaryotes, but the structures and functions of many essential abundant proteins that form and modulate chromatin structure are still not understood (Kornberg and Lorch, 1992; Bustin and Reeves, 1996) . With the exception of histone proteins, the high mobility group (HMG) proteins are among the most ubiquitous of the chromatin-associated proteins (Read et al., 1995; Bustin and Reeves, 1996) . The HMG domain superfamily is composed of two families distinguished by their abundance, function and DNA specificity ( Figure 1A ) (Grosschedl et al., 1994; Baxevanis and Landsman, 1995;  6610 © European Molecular Biology Organization Bustin and Reeves, 1996) . Both groups, the sequencespecific transcription factors typified by SRY (Goodfellow and Lovellbadge, 1993; Haqq et al., 1994) and lymphoid enhancer factor-1 (LEF-1) (Giese et al., 1991) , and the non-sequence-specific chromosomal proteins typified by HMG1/2 (Bianchi et al., 1992) , bind to DNA using thẽ 80 residue HMG domain. Despite this common DNA-binding domain, the functions of the two families of HMG domain proteins are quite varied. The HMG domain transcription factors are less abundant, restricted to fewer cell types, usually contain a single HMG domain and function by binding sitespecifically in promoter or enhancer regions of regulated genes (Grosschedl et al., 1994) . In contrast, the archetype of the chromosomal HMG domain group, the HMG1/2 group of proteins, usually contain two or more tandem HMG domains and bind to DNA non-sequence-specifically to facilitate nucleosome function, DNA recombination and repair, as well as activation (Shykind et al., 1995) and repression (Ge and Roeder, 1994) of general transcription. They interact directly with nucleosomes (Nightingale et al., 1996) and are believed to be modulators of chromatin structure (Bustin and Reeves, 1996) . They are also important in V(D)J recombination (van Gent et al., 1997) and in activating regulators of gene expression, including p53, Hox transcription factors and steroid hormonereceptors, by increasing their affinity for DNA (Zwilling et al., 1995; Zappavigna et al., 1996; Boonyaratanakornkit et al., 1998; Jayaraman et al., 1998; David-Cordonnier et al., 1999) . The characteristics of the chromosomal HMG proteins that facilitate such diverse functions in bulk DNA as well as in particular sequence contexts include moderate DNA-binding affinity, minimal sequence specificity, DNA bending and protein-protein interactions.
HMG-D is a Drosophila melanogaster homolog of HMG1, which contains a single HMG domain and is abundant in embryonic chromatin at a time when the embryo is transcriptionally silent but is undergoing rapid rounds of replication (Wagner et al., 1992; Ner and Travers, 1994) . Like HMG1 (Pil and Lippard, 1992; Paull et al., 1993; Read et al., 1995; Teo et al., 1995) , HMG-D binds to DNA with minimal sequence specificity , preferring duplex DNA that is deformable, 'pre-bent' and/or underwound Wolfe et al., 1995; Payet and Travers, 1997) . It binds cooperatively, and causes severe bending and unwinding of linear DNA, forming DNA circles as small as 55 bp . The affinity range of the protein for linear DNA is micromolar to nanomolar depending on whether the C-terminal basic tail is intact (Payet and Travers, 1997; Churchill et al., 1999) . The solution structure of the HMG-D HMG domain in the absence of DNA (Jones et al., 1994) revealed that it has (Jones et al., 1994; Baxevanis and Landsman, 1995) . Residues shown from structural and modeling studies to intercalate the DNA are outlined in black (Love et al., 1995; Werner et al., 1995a,b; Balaeff et al., 1998; Allain et al., 1999; Ohndorf et al., 1999) . Residues that are conserved between the two HMG-box families are shaded in gray, whereas those residues that consistently differ between the two families of HMG domains are highlighted in cyan and brown (Balaeff et al., 1998; Churchill et al., 1999) . (B) Stereo view of the refined (2|F o | -|F c |) electron density map contoured at a level of 1.9 σ. The protein and DNA are colored using standard CPK coloring, with water molecules and a sodium ion represented by red and blue spheres, respectively. (C) Ribbon diagram in stereo view of the complex. HMG-D is depicted in cyan, the DNA in gray, and structural water molecules found in the protein and at the DNA interface in red. Several side chains that interact with the DNA, Ser10, Tyr12, Met13, Asn17, Arg20, Val32, Thr33 and Ala36, are shown in green. The protein is well ordered from residue 4 to 72, and the DNA is well ordered throughout except for base cytosine 10, which adopts two conformations in the crystal (only one conformation is shown). a global fold of three helices stabilized in an 'L-shaped' configuration by two hydrophobic cores identical to the HMG domains of other chromosomal proteins, including HMG1 and NHP6A (Read et al., 1993; Weir et al., 1993; Hardman et al., 1995; Allain et al., 1999) .
The general mode of DNA binding of the HMG domain superfamily was determined from biochemical binding studies (Giese et al., 1991 (Giese et al., , 1992 , but the details of protein-DNA interactions were revealed by solution structures of DNA complexes formed with the HMG domains of the sequence-specific transcription factors LEF-1 (Love et al., 1995) and SRY (King and Weiss, 1993; Werner et al., 1995b) . The HMG domain binds to a flattened, underwound and bent DNA minor groove using a large surface on the concave face of the protein, bending the DNA helix axis away from the site of contact. Numerous electrostatic interactions and van der Waals contacts make up the interface. Partial intercalation of an aliphatic residue at position 13 (HMG-D numbering) occurs at a single site, although a smooth DNA bend occurs throughout the central region of the binding site. Sequence-specific interactions between DNA bases and residues Asn10, Ser31, Asn36 and Tyr76 also occur in the LEF-1 complex.
In the absence of a chromosomal HMG domain-DNA structure, predicted models of chromosomal HMG domain-DNA complexes aided identification of specificity determinants. Compared with sequence-specific complexes, the predicted structure of the HMG-D-DNA complex has similar interactions at the protein-DNA interface, with additional side chain partial intercalations (Balaeff et al., 1998) . One of these putative intercalating residues (Val32) differs between the specific and non-sequence-specific HMG domain families ( Figure 1A) , and thus revealed a potential mechanism of sequence-neutral DNA recognition. A recent modeling study of NHP6A bound to DNA (Allain et al., 1999) also suggested that intercalation of the same residue may result in sequence-neutral DNA binding. The structure of the architecture-specific complex (HMG1 box A bound to cisplatin-modified duplex DNA) confirms this prediction, as residue 47 (equivalent to HMG-D 32) intercalates the severe kink created by the cisplatin lesion (Ohndorf et al., 1999) . However, the architecture-specific complex differs from the known and predicted HMG-DNA structures in terms of DNA structure and bending, and interactions at the protein-DNA interface.
In order to understand the nature of non-sequencespecific DNA recognition by the chromosomal HMG proteins as well as the structural basis for the specificity difference between the two types of HMG domains, we co-crystallized the HMG domain of HMG-D with a linear duplex DNA fragment (Murphy et al., 1999) . The structure was solved and refined to 2.2 Å resolution ( Figure 1B ; Table I ), providing a novel detailed view of non-sequencespecific DNA recognition by this important family of proteins. Comparison with the architecture-specific complex reveals the differences in DNA recognition between the pre-kinked DNA and normal linear DNA. Comparison of this structure with the solution structure of the LEF-1-DNA complex reveals the differences in DNA interactions that contribute to differences in DNA specificity.
Results

Overall structure of the complex
The HMG domain of HMG-D formed the best quality cocrystals with a blunt-ended linear palindromic decamer of sequence GCGATATCGC. The estimated affinity of the protein for this short DNA fragment is in the micromolar range based on competitive electrophoretic mobility shift assays performed with DNA fragments of similar length and sequence . The structure of the complex was determined using multiple wavelength anomalous dispersion (MAD) methods (Table I ). The final refined structure is reported to 2.2 Å resolution (PDB accession No. 1qrv) with excellent stereochemistry (Table I ). The quality of the data is illustrated by the electron density map of the protein-DNA interface, which shows well-ordered DNA bases, DNA backbone, amino acid side chains and water molecules ( Figure 1B) .
HMG-D binds in the minor groove on the outside of a smoothly bent AT-rich DNA sequence, consistent with previous DNA binding and footprinting studies Wolfe et al., 1995) , modeling studies of the HMG-D-DNA complex (Balaeff et al., 1998) C3Ј-exo/C2Ј-endo a The reported value is the global inter-base pair parameter for the base step starting with the assigned pair. b The reported value is the average for the base pair, with the number of levels measured determined automatically by Curves 5.3 (Lavery and Sklenar, 1989) .
and the structures of sequence-specific HMG-box-DNA complexes (Love et al., 1995; Werner et al., 1995b) . Although HMG-D has a slight preference for AT-rich sequences containing TG dinucleotides, it binds with only slightly lower affinity to DNA sequences that lack TG, but are still AT-rich, presumably because the deformability of the sequence is more important. The characteristic L-shaped fold, comprised of three helices held together by two hydrophobic cores, is conserved upon binding to DNA ( Figure 1C ). All of the helices are relatively straight, except for helix I (see below). This is in contrast to the NMR structures and modeling studies of chromosomal HMG domains, in which helix III is usually bent near position 59 (Weir et al., 1993; Jones et al., 1994; Balaeff et al., 1998; Allain et al., 1999) . Helix III is straight in both HMG-D molecules in the crystal asymmetric unit, despite different crystal packing environments, which suggests that the bend observed in the solution structures and modeling studies may be due to the effects of molecular dynamics calculations or solution dynamics. The DNA in the HMG-D-DNA complex is severely distorted from a B-DNA conformation. The binding site extends from C2 to C8, but toward the middle of the binding site there are dramatic deviations from a canonical B-DNA structure, illustrated by the helical parameters in Table II . The sugar puckers and helix axis path are most similar to B-DNA, but the groove width parameters more closely resemble those of A-DNA. Overall, the DNA is severely bent and underwound, with a bend angle of 111.1°and average twist angle of 27°. The shallow and widened minor groove is 12.4 Å across at the widest point, creating a tight hydrophobic interface with HMG-D and burying a surface area of 905 Å 2 . This bend angle is larger than that estimated for other chromosomal HMG domain proteins, which could be partly due to crystal packing interactions at the ends of the DNA. However, a large bending angle is consistent with solution experiments with HMG-D. For example, the smallest DNA circle that has been formed in the presence of HMG-D is 55 bp, considerably smaller (one DNA turn) than those reported for HMG1 (Paull et al., 1993) and NHP6A (Yen et al., 1998) . This bend angle is similar in magnitude to that observed in the LEF-1-DNA complex (see below) (Love et al., 1995) .
At 2.2 Å resolution, solvent molecules are well resolved and reveal a previously unknown role for structural water molecules in the HMG-box proteins; several well-ordered (B-values Ͻ32 Å 2 ) water molecules bridge key structural features of the protein ( Figure 1C ). Water molecules bridge backbone atoms of two pairs of residues in helix I, Asn17 O to Glu21 N and Ser18 O to Ser22 N, where a bend has been observed in all known HMG domain structures, with the exception of the recent HMG1-cisplatin-modified DNA complex structure (Ohndorf et al., 1999) . Another water molecule bridges the N-and C-termini of the domain through residues Leu9 O to Ala56 O, which may help to stabilize the secondary hydrophobic core of the protein formed by residues 2-9 and 50-74. Two other water molecules appear to stabilize the loops joining helices I to II and II to III, through residues Lys24 O to Gly29 N and Asp48 O to Glu51 N.
Protein-DNA interactions
The structure of the HMG-D-DNA complex shows that the protein changes very little upon binding to linear DNA. The root-mean-squared deviation (r.m.s.d.) between the main chain atoms (residues 5-28, 30-46 and 49-69) of the bound HMG-D and the free protein structures, HMG-D determined by NMR (Jones et al., 1994) , HMG1 box A (Hardman et al., 1995) and HMG1 box B (Weir et al., 1993) are 1.2, 1.7 and 1.5 Å, respectively ( Figure 2A ). The protein-DNA interface is dominated by van der Waals interactions, with additional hydrogen bonds and electrostatic interactions with the DNA backbone as well as water-mediated contacts ( Figure 2B ). Six residues, Arg7, Asn17, Arg20, Ala36, Arg44 and Lys60, make direct hydrogen bonds or ion pairs with the DNA backbone. Water-mediated hydrogen bonds are observed to the phosphate backbone for Pro8, Tyr12, Arg20, Val32 and Lys49, and to the bases for Ser10 and Arg20. Direct hydrogen bonds to the bases are observed for residues Arg7 and Tyr12. The hydrophobic interactions at the interface with the base pairs are dominated by partially intercalating residues. Met13 intercalates at base step 5-6 as expected ( Figure 2C ). Owing to their proximity to the center of the base pair, and the associated base pair roll, Val32 and Thr33 partially intercalate the DNA at base step 3-4, and Ala36 partially intercalates at base step 4-5. This close interaction surface was not necessarily expected for non- (Jones et al., 1994) (PDB accession No. 1hma; violet) and HMG1 box B (Weir et al., 1993) (PDB accession No. 1hmf; green), and the X-ray crystal structure of HMG1 box A from the structure of HMG1 box A bound to cisplatin-modified DNA (Ohndorf et al., 1999) sequence-specific DNA-binding proteins (reviewed in Revzin, 1990) . The large buried surface area with the DNA bases and numerous side chain-non-phosphate DNA contacts prove that non-sequence-specific proteins interact with DNA using the same general mode of binding as homologous sequence-specific proteins.
The normal and structure-specific DNA-binding modes of the HMG domain are different The structure of the architecture-specific complex of HMG1 box A bound to cisplatin-modified DNA (Ohndorf et al., 1999) is surprisingly different from that of HMG-D bound to linear DNA. The protein is the most similar part, with an r.m.s.d. of 2.1 Å for the backbone atoms of the HMG domain (residues 5-28, 30-46 and 49-69 of HMG-D). This r.m.s.d. is significantly greater than any of those between HMG-D and the free HMG domains described above. The largest deviation is in the C-terminal portion of helix I, the N-terminal portion of helix II and the connecting loop, caused primarily by a smaller bend in helix I of HMG1 box A (Figure 2A ). In contrast, the DNA structures are markedly different, with an r.m.s.d. for the backbone atoms of 5.0 Å. These differences can be attributed to the nature of the nucleic acid substrates used in the co-crystal structures. The structure-specific complex contains a cisplatin lesion, which creates a dramatic distortion at one point, which is recognized by the HMG1 box A. The protein-DNA interface is dominated by the interaction of Phe32 with the site of cisplatin distortion of the DNA duplex. In contrast, the non-sequence-specific duplex DNA is 6614 smoothly bent over several base pairs by HMG-D, with three sites of partial intercalation where bending of the linear duplex DNA is more pronounced. The structurespecific complex has a buried surface area at the DNAprotein interface of 864 Å 2 , which is similar to the 905Å 2 buried by HMG-D. However, the van der Waals contacts made by HMG-D indicate a more intimate complex, with more than twice the number of amino acids contacting bases. Further, the interactions of HMG-D with the DNA are located more deeply within the minor groove than those of HMG1. Therefore, it appears that the HMG domain has enough flexibility to adopt two slightly different structures, individually suited to binding to two DNA fragments with very different structures.
Structural basis of HMG domain specificity
The comparison of the bound HMG-D protein with the LEF-1-DNA complex (Love et al., 1995) (Figure 3A) shows that the overall structure of the protein, with the exception of the C-terminus and loop regions, is quite similar in the two complexes, with r.m.s.d. values for the main chain atoms of 1.7 Å (residues 7-27, 30-46 and 51-69). The structure of the DNA is also similar, with r.m.s.d. values of 2.1 Å for the backbone atoms. The similarity of the two complexes is remarkable considering the differences in specificity. In both structures, the DNA bend is spread over several base steps, in contrast to the complex of HMG-1 bound to cisplatin-modified DNA, where the bend occurs at primarily one base step (Ohndorf et al., 1999) .
The basis for differences in specificity between the specific and non-specific HMG domains is evident from inspection of the few residues that differ between them ( Figures 1A and 3A ) (Baxevanis and Landsman, 1995; Balaeff et al., 1998; Churchill et al., 1999) . We identify three specificity determinants, composed of residues at the protein-DNA interface with equivalent positions but different interactions. First is a single residue at position 10. This region of the HMG domain has been shown to affect DNA specificity (Read et al., 1994) and, to our knowledge, all sequence-specific HMG proteins have an asparagine at this position, whereas all non-sequencespecific HMG proteins have a serine (Baxevanis and Landsman, 1995) . In HMG-D, Ser10 forms water-mediated hydrogen bonds to the thymine 7 ribose O4Ј and adenine 6 N3 position of the DNA base ( Figure 3B ), unlike Asn10 in LEF-1, which directs a hydrogen bond network to three of the four bases of the CA base step, ensuring specificity for a CA dinucleotide ( Figure 3C ). The ability to accommodate other DNA sequences at this position is suggested because any base at this position could be bound by serine either directly for cytosine and thymine or through a water molecule for adenine and guanosine. It is also possible that in the context of other DNA sequences, there may be direct base N3 hydrogen bonds as suggested by the NHP6A-DNA model (Allain et al., 1999) . However, both direct and water-mediated interactions with Ser10 would be sequence-neutral. The second determinant includes Val32, which partially intercalates in the HMG-D-DNA structure. This residue is hydrophobic in all known non-sequence-specific proteins, but in the sequence-specific proteins it is hydrophilic (Balaeff et al., 1998) . The equivalent residue in LEF-1, Ser32, is involved in a hydrogen bond network with Asn36, which together make direct hydrogen bonds to three of the four bases of an AA DNA base step providing further sequence specificity.
The third region is the C-terminal hydrophobic core. The DNA contacts made in this region by LEF-1 appear to include sequence-specific hydrogen bonds from Tyr76 to the guanosine and thymine bases of a CT base step. This interaction is not observed for HMG-D because this residue is not in the HMG domain. Further, the structure at the C-terminus differs in this region and is not near the DNA ( Figure 1C) . Therefore, different families of HMG domain proteins can bind to DNA in a similar fashion, and the degree of specificity appears to be controlled by changes in only a few direct protein-DNA interactions.
Discussion
This high-resolution structure of HMG-D bound to linear DNA reveals novel interactions that enable HMG proteins to bind to many different DNA sequences, a critical feature of their function. Several protein families use homologous (Love et al., 1995) (PDB accession No. 2lef; coral) in the same orientation as Figure 1C . Side chains, selected on the basis of their potential involvement in DNA specificity, are shown. Detailed view of the interaction of residue 10 from both HMG-D (B) and LEF-1 (C). HMG-D protein is in cyan, LEF-1 protein is in coral, DNA is in gray, and black dashed lines depict proposed hydrogen bonds with distances between donors and acceptors shown. The Ser10 hydroxyl oxygen of HMG-D makes water-mediated interactions with adenine 6 N3 and thymine 7 O4Ј. The LEF-1 Asn10 makes direct hydrogen bonds to guanine 9 N3 and thymine 8 O2 (in this LEF-1 model).
DNA-binding domains to recognize DNA with different specificities. These include both chromosomal proteinsequence-specific protein pairs, histone H5-HNF-3γ (Clark et al., 1993; Ramakrishnan et al., 1993) , bacterial HU-integration host factor (IHF) (Tanaka et al., 1984; Rice et al., 1996) and the HMG domain superfamily. To date, only the structures of the free proteins of each group, the DNA-bound forms of the sequence-specific proteins and a structure-specific complex of HMG1 box A and cisplatin-modified DNA have been determined. Therefore, this structure of HMG-D bound to DNA provides a unique opportunity to examine closely which interactions differ and may be responsible for the differences in specificity observed for homologous proteins.
Comparison of the HMG-D-DNA structure with the structure of a homologous transcription factor (sequencespecific), LEF-1, reveals surprising similarity of the overall complexes (r.m.s.d.~1.9 Å). This similarity made it possible to distinguish very clearly the precise side chain interactions that are responsible for the differences in DNA specificity observed between the proteins, insights that are unprecedented in the field of protein-nucleic acid recognition. The two sequence-neutral mechanisms that emerge from this study are multiple partial intercalations of varying degrees and the use of water-mediated base contacts at a sequence-neutral base position (Seeman et al., 1976) . These interactions contribute to non-sequencespecific DNA binding by substituting for sequence-specific base contacts observed in the sequence-specific protein-DNA complex.
Partial intercalation of aliphatic and aromatic residues in the minor groove has been observed in several protein families, e.g. HMG proteins, TATA-box-binding protein (Kim et al., 1993a,b) , Sac7d (Robinson et al., 1998) and IHF (Rice et al., 1996) . In each case, intercalation appears at a DNA bend toward the major groove, and contributes significantly to a relatively large buried surface area and greater stability of the protein-DNA complex. Partial intercalation is important for DNA binding and bending by sequence-specific and non-sequence-specific HMG proteins (Yen et al., 1998; Allain et al., 1999; Ohndorf et al., 1999) . The non-sequence-specific HMG domain proteins can intercalate the DNA at two major sites (residues 13 and 32/33) at non-adjacent base steps, whereas the sequence-specific proteins intercalate at one site (residue 13), making direct DNA base hydrogen bonds with the hydrophilic residue at the other site (residues 32/33). Interestingly, the predicted sites and residues involved in partial intercalation in the model structure of HMG-D bound to DNA (Balaeff et al., 1998) are correct for Met13 and Val32. However, Leu9 does not intercalate in this crystal structure, as was predicted in the model. The modeling study of NHP6A (Allain et al., 1999 ) also correctly predicted intercalation by , but the relative base steps of intercalation are different from those observed in the crystal structure; Val32 of HMG-D partially intercalates two base steps away from Met13, but the intercalations occur at adjacent base steps in the NHP6A model structure. The structure-specific HMG1 box A-DNA complex has only one intercalating residue, which binds at the kinked base step. Intercalation by residue 13 is not observed because the DNA structure is different (as described above), and residue 13 in HMG1 box A ( Figure 1A) is an alanine. The specificity of HMG domain proteins for cisplatinmodified DNA appears to be related to the size of the residue at position 32, because HMG1 box A has a greater preference for cisplatinated DNA than HMG1 box B and HMG-D, which have smaller residues at position 32.
Direct and water-mediated hydrogen bonds to DNA bases are generally considered to be sequence-specific interactions (Seeman et al., 1976; Pabo and Sauer, 1992) . However, it is well known that the DNA minor groove has more degeneracy in hydrogen bonding donor and acceptor positions among possible base pairs than the major groove (Seeman et al., 1976 ). It appears that the chromosomal HMG domain proteins have capitalized on this feature of the minor groove by making water-mediated hydrogen bonds (or possibly direct hydrogen bonds, as predicted in the NHP6A model) to the base N3 position. This position is a hydrogen bond acceptor, and is well suited to direct or water-mediated interactions. Such a sequence-neutral hydrogen bond still provides binding energy, but does not restrict the sequences to which the protein can bind, unlike the base-specific hydrogen bonds made by the equivalent residue, Asn10 of LEF-1.
Structures of unmodified DNA bound to two other nonsequence-specific chromosomal protein complexes, the nucleosome core particle (Luger et al., 1997) and the Sac7d archaeal chromosomal proteins (Robinson et al., 1998) , have been determined recently using X-ray crystallography. These structures revealed two different general modes of non-sequence-specific DNA binding. Electrostatic interactions dominate the core histone DNA interaction on the inside of the DNA bend, whereas hydrophobic and intercalation interactions dominate the Sac7d DNA interaction on the outside of the DNA bend. The general mode of non-sequence-specific binding observed in this structure is similar to Sac7d. The multiple partially intercalating residues and DNA contacts mediated by water seen in the HMG-D structure are also observed in Sac7d-DNA complexes, suggesting that these mechanisms will be generally observed for chromosomal proteins that bend DNA by binding to the minor groove.
Materials and methods
Structure determination
Co-crystallization of the HMG-D-DNA complex with the duplex DNA decamer, GCGATATCGC, and native data collection are described elsewhere (Murphy et al., 1999) . The complex crystallized in the space group P2 1 2 1 2 1 with a ϭ 43.74 Å; b ϭ 53.797 Å; c ϭ 86.843 Å, with one DNA duplex and two protein molecules in the asymmetric unit. One protein makes canonical contacts with the DNA, and the other binds at the DNA junction formed by the DNA and a symmetry-related DNA duplex. The initial phases for model building were obtained using MAD methods with co-crystals that contained a 5-bromocytosine at position 8 in the DNA sequence. Four wavelengths of MAD data were collected at beamline X-12C at the National Synchrotron Light Source (Brookhaven, NY). The data were processed using DENZO and SCALEPACK (Otwinowski and Minor, 1997) (Table I) . Intensities were processed and initial MAD phases were calculated using the program SOLVE (Terwilliger and Berendzen, 1999) followed by phase refinement using the program SHARP (Fortelle and Bricogne, 1997) . Solvent flattening using a solvent content of 45% with the program Solomon (Abrahams and Leslie, 1996) yielded interpretable maps of the main core of the complex. The initial model was built into the 2.4 Å MAD experimental maps using O (Jones et al., 1991) and refined using CNS 0.1 (Brünger et al., 1998) . Cycles of model building with O and refinement with CNS were then performed against native data using cross-validated maximum likelihood techniques throughout, with the R free calculations performed on 5% of the reflections. The canonical protein model includes amino acids 2-74, with S2 and K6 built as alanines, the second protein includes residues 3-73 (r.m.s.d. between the two proteins is 0.8 Å), and there is an alternative conformer for the nucleoside Cyt10.
Structure analysis DNA parameters were calculated using the program CURVES (Lavery and Sklenar, 1989) . Intercalation distances and roll angles were calculated using customized XPLOR (Brünger, 1992) scripts (Balaeff et al., 1998) . Interatomic distances and hydrogen bonds were determined using CONTACT and accessible surface area calculations were performed using AREAIMOL, both distributed in the CCP4 package (Bailey, 1994) . R.m.s.d. values were calculated using LSQKAB (Kabsch, 1976) 
Figures
Figures were constructed using O (Jones et al., 1991) (Figure 1B) , Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997) ( Figures 1C, 2A and 3A) ; VMD (Humphrey et al., 1996) and Raster3D (Merritt and Bacon, 1997) (Figures 2C, 3B and 3C ).
Coordinate deposition
Atomic coordinates have been deposited in the Protein Data Bank under accession No. 1qrv.
